protocols from a serum bank (SeraCare Life Sciences Inc., Oceanside, CA) as well as from the Johns Hopkins Bayview Medical Center Clinical Research Unit. For this study, inclusion criteria as a healthy serum donor included measures within the normal range for fasting glucose (<100 mg/dL) and thyroid-stimulating hormone (0.5-2.1 mIU/mL), as well as a clinical assessment by a physician. Patients with a history of smoking, angina, myocardial infarction, percutaneous transluminal coronary angioplasty, coronary artery bypass surgery, congestive heart failure, and stroke were ineligible. Other exclusionary criteria included a history of diabetes mellitus, pulmonary disease, renal or hepatic dysfunction, dementia, cancer, any chronic inflammatory condition (eg, rheumatoid arthritis), and use of anti-inflammatory agents (eg, steroids). Approval for the study protocol was acquired from the local institutional review board, and informed consent was obtained from all patients.
Clinical Measures
Anthropometric measures included height, weight, and waist circumference. Foot-to-foot bioimpedance analysis was conducted to estimate %fat using a Tanita scale (Tanita Corporation of America, Arlington Heights, IL). A fasting blood sample was obtained in a resting and fasting state in the morning. All venous samples were placed at 4°C prior to serum separation. After centrifugation at 1000g for 20 minutes, serum was stored at −80°C. Serum neopterin was measured using a commercially available competitive ELISA (ALPCO Diagnostics, Inc., Salem, NH). In the laboratory, this enzyme immunoassay had a sensitivity of 0.8 nM and an interassay coefficient of variance of 5.50%.
Statistical Analysis
Univariate statistics of the study group were individually examined. Given the nonnormal distribution of serum neopterin levels (15) , comparisons between genders or races were performed using a Mann-Whitney U test. The relationship between neopterin and age, BMI, and %fat was initially investigated by LOWESS (locally weighted scatterplot smoothing) modeling. The correlation of neopterin with age, BMI, or %fat was analyzed using the Spearman rank correlation test. The association of neopterin with age, gender, race, BMI, and %fat was modeled and analyzed by stepwise multiple linear regression after log transformation of neopterin levels. Age, BMI, and %fat were continuous independent variables, whereas race and gender were dummy-coded independent variables. For race, black = 0 and white = 1; for gender, female = 0, male = 1. A post hoc t test determined if the regression weight of each independent variable differed significantly from zero. All statistical calculations were carried out using Prism and InStat software (GraphPad, Inc., La Jolla, CA) and StatView 5 (SAS Institute, Inc., Cary, NC).
Results
Characteristics of the healthy cohort of 426 participants are listed in Table 1 . The descriptive statistics exhibit welldocumented anthropometric gender differences. The men were leaner with less %fat. Analysis of race differences for each gender indicated that BMI and %fat were significantly higher in black women versus white women as well as higher in black men versus white men. The %fat (mean ± SD) of the black women was 10% higher, and their mean BMI was 7 kg/m 2 higher than that of white women. Gender differences in body composition within race were also evident. BMI and %fat were significantly higher in black women versus black men (p < .001 and p < .0001, respectively), whereas only %fat was significantly different between white women and men (p < .0001). Median values for neopterin were significantly higher in blacks compared with whites by gender. White women had higher median levels of neopterin compared with white men, whereas black men had a significantly higher median neopterin value than any other group.
Exploratory LOWESS curves were generated, segregating samples by race and gender ( Figure 1 ). The LOWESS curves suggested that neopterin values in blacks of both genders were relatively flat regardless of age, BMI, or %fat levels. In contrast, neopterin values in white men and Correlation analysis was used to test the bivariate relationship between neopterin and age, and a statistically significant relationship was observed with a Spearman correlation coefficient (r) of .15, p < .0005. Examining the bivariate relationship between neopterin and BMI by Spearman's rank correlation also yielded a significant correlation with a Spearman r of .43, p < .0001. Rank correlation analysis also revealed a significant relationship between neopterin and %fat with a Spearman r of .35, p < .0001. The nature of the relationship (linear vs nonlinear) between neopterin and age, BMI, or fat was assessed by linear regression of log-transformed neopterin values ( Figure 2 ). Age and %fat exhibited a linear pattern throughout their range, whereas BMI appeared nonlinear at high BMI values, though this could arise from the fewer number of participants at the high end. The bivariate relationship between BMI and %fat was also investigated, separating the values by gender (Figure 2d ). The relationship between BMI and %fat has been characterized in a number of different populations where deviation from linearity was observed at high BMI and %fat values (22) (23) (24) . Data from 426 participants of the current study exhibited the same pattern. Data from both genders were combined, and %fat was modeled by multiple linear regression. The optimal equation was [%fat] = (1.00 ± 0.03) × BMI − (10.3 ± 0.4) × gender + (0.10 ± 0.02) × age + (5.4 ± 1.1), accounted for 85% of the variance, and the variable race did not contribute significantly to the model. The beta coefficients were all consistent with previous studies that modeled %fat as a function of age, gender, and BMI (24) (25) (26) .
Multiple regression models were constructed to examine the effect of age, race, and BMI on log(neopterin) values. The data for women and men were analyzed separately. Five stepwise models were analyzed and are given in Table 2 . Model 1 contained the regression equation for log(neopterin) and age. Model 2 added the dummy-coded variable race to the model, and it was statistically significant in both gender models. The negative beta coefficient for race indicates that whites (coded as "1") have lower neopterin values than blacks (coded as "0") for both women and men. The variable BMI (Model 3) was added next, and it was also statistically significant in both genders, BMI accounted for and additional 7% female and 9% male variance in log(neopterin). As a way to address the apparent nonlinear association between BMI and log(neopterin) values, two slopes at different age ranges were modeled by adding the variable BMI25up (Model 4). For BMI ≤25 kg/m 2 , BMI25up = 0, so the BMI term in the model is b BMI × BMI, and for BMI >25 kg/m 2 , BMI25up = BMI, so the BMI terms are (b BMI + b BMI25up ) × BMI, where b BMI25up reflects the difference in slopes before and after a BMI value of 25 kg/m 2 . The variable was significant in both genders, accounting for an additional 8% female and 10% male variance in log(neopterin).
Similarly, the apparent nonlinear association between age and neopterin was modeled by introducing the variable age45up, where age45up = 0 for age ≤45 years and age45up = age at values >45 years. The variable age45up was significant in women (female Model 5) but not in men, consistent with the LOWESS analysis. In contrast, the interaction term Race × BMI did not add significantly to female models, whereas it accounted for an additional 3% male variance (male Model 5). For the optimal Model 5, age contributed more to neopterin levels in women than in men (the age coefficient in women was approximately twice that of men), whereas race and BMI values contributed more to male neopterin values. The negative coefficient for race and BMI in the final model indicates that whites of both genders will have a greater subtraction from the neopterin calculation.
The robustness of the models was profiled by plotting standardized residuals stratified by gender for Models 1, 3, , segregated by gender and box-and-whisker plots were generated (Figure 3b ). In general, the linear model overestimated male and female neopterin values at lean BMI while underestimating neopterin values in the overweight to obese range. The multiple regression model that included age, race, and BMI, but no interaction terms (Model 3) reduced the asymmetry in female values, though male values still exhibited runs above and below zero by BMI group. The final model, which included the interaction terms age45up, BMI25up, and Race × BMI exhibited standardized residuals for both women and men that were centered around zero (neopterin values were minimally under-or overestimated).
When %fat was introduced in place of BMI in the stepwise linear regression model building for females and male neopterin values, the beta coefficients were nearly identical to models using BMI. For example, the corresponding coefficients for a Model 3 for women was b 0 = 0.56 ± 0.05, b age = 0.0027 ± 0.0005, b race = −0.0434 ± 0.0205, b fat = 0.0041 ± 0.0009, with an r 2 of .26, and for men was b 0 = 0.72 ± 0.03, b age = 0.0020 ± 0.0005, b race = −0.137 ± 0.018, b fat = 0.0040 ± 0.0007, with an r 2 of .34. The variable %fat accounted for an additional 9% female and 9% male variance in log(neopterin) values. A Race × %Fat interaction term was found to contribute significantly to the models (data not shown) explaining an additional 4% and 7% of the variance in female and male neopterin values, respectively.
Stepwise multiple linear regression was also applied to the complete data set of women and men combined, incorporating age, gender, race, BMI, and Race × BMI as well as Gender × BMI interaction terms. The optimized model accounted for 40% of the variance and yielded coefficients of log(neopterin) = (0.98 ± 0.05) + (0.0035 ± 0.0008) × age − (0.082 ± 0.035) × gender − (0.320 ± 0.048) × race − (0.0098 ± 0.0016) × BMI + (0.0040 ± 0.0006) × BMI25up (0.0072 ± 0.0014) × race × BMI + (0.0023 ± 0.001) × gender × BMI. Similarly, a model of the complete data set using %fat as a variable yielded optimized model coefficients of log(neopterin) = (0.78 ± 0.04) + (0.0025 ± 0.0003) × age + The well-known high degree of correlation between %fat and BMI as well as gender differences in %body fat allow the variable %fat to account for most the outcome variability explained by the variable BMI and the interaction term Gender × BMI. The beta coefficients for models using BMI or %fat were not significantly different for age (0.0098 vs 0.0010, respectively), race (0.320 vs 0.315, respectively), and the interaction term with race (0.0072 vs 0.0066, respectively).
Discussion
Neopterin (6-d-erythro-1′,2′,3′-trihydroxypropyl-pterin) is synthesized from GTP by GTP-cyclohydrolase I in response to interferon gamma stimulation of human monocytes/macrophages (27, 28) . Increased concentrations of neopterin in serum have been found during viral infections, various malignant disorders, and autoimmune diseases (13) . The current study demonstrates for the first time that in a well-defined healthy population, serum neopterin levels vary with donor age, gender, race, and BMI. The observation of an increase in neopterin production with increasing age is consistent with a number of other studies (18, 19) . In general, these previous study populations compared discrete groups of young (<40 years of age) with old (>60 years of age). In addition, entry/enrollment criteria in those studies did not necessarily exclude diseases associated with immune activation and increased neopterin concentrations in the elderly participants, such as atherosclerosis (29) or dementia (30) .
The current study models neopterin along a continuous aging trajectory with at least 10 participants per gender per decade spanning the 20s to the 80s. The study cohort had extensive exclusion criteria to minimize confounding due to age-related conditions. It is possible that in the older participants, pathological processes may have already started that were clinically latent. However, changes were observed in neopterin between relatively young ages (eg, third and fourth decades). A novel finding of the current study is that the changes in neopterin with age were associated with gender and race differences.
Median values of neopterin were significantly different between healthy lean male and female participants. The effects of gender on serum neopterin may be linked to gender differences in chronic immune activation. Gender differences in susceptibility to autoimmune diseases have been observed, with women at greater risk than men of rheumatoid arthritis and multiple sclerosis (31) . Race appears to contribute to neopterin values with blacks (especially men) exhibiting higher neopterin levels than whites. However, the relatively small black sample size (n = 97) may be reflecting sample bias. While this is possible, the participants from the current study exhibited body composition distributions and correlations between BMI and %fat that match other larger studies (22) (23) (24) (25) (26) , suggesting that at least in those parameters sampling bias did not occur. The current results found a race effect for both women and men, and it interacted with BMI (or %fat). A potential hypothesis to address gender and racial differences in morbidity and mortality is the stress or "weathering" hypothesis, which states that greater exposure to stressors over the life course increases susceptibility to morbidity and mortality among members of specific groups (32) . Stress is a well-characterized immunomodulator, causing immune activation (33) . Further investigation with a much larger samples size will be necessary for the influence of race on a serum marker of immune action to be robustly defined.
Serum neopterin levels are elevated in a number of pathologies involving chronic inflammation, including alcoholic hepatitis, hepatitis B and C virus, rheumatoid arthritis, atherosclerosis, diabetes, and inflammatory bowel diseases (10) . Previous studies on serum neopterin levels found an association of neopterin values with BMI (15, 34) . The inclusion of the variable %fat, which is related to BMI and has well-known gender differences in distribution, into models of neopterin yielded similar model parameters. Both elevated BMI and %fat are associated with altered cytokines and a proinflammatory state (35) (36) (37) . Aging also has been associated with low-level inflammation ["inflammaging" (38) ], thought to lead to or exacerbate many chronic medical conditions (39, 40) . In these box-and-whisker plots, black bars represent women, gray bars represent men, the box frame defines the lower and upper quartile, the whiskers depict maximum and minimum, the line within the box marks the median value, and the "+" symbol marks the mean value.
Immune activation is a sentinel homeostatic mechanism. Instead of maintaining organ and organismal optimal function, a dysregulated homeostatic mechanism can contribute to tissue pathology and disease progression. Chronic immune activation, through its cytokine production and/or tissue remodeling program, alters the cellular microenvironment, which can contribute to altered cellular function (41) . In conclusion, age and gender are covariates that contribute to neopterin levels, and these covariates are, in turn, modified by BMI (or %fat) and race presumably through altered chronic immune activation load. The relative contribution of age and gender to modulating neopterin levels (a surrogate for immune activation) in normal physiological events may reflect the biology underlying aging, late-age onset diseases, and perhaps gender differences in morbidity and mortality. 
